The inter-grain extrinsic magnetoresistance (eMR) observed in polycrystalline perovskite manganites has attracted attention recently. Previous efforts aimed at eMR enhancement have concentrated on grain boundary (GB) modification, mainly by insulator doping. In this paper, however, we report our investigations on the doping effect of a metal, Ag, on the eMR phenomenon. La 2/3 Sr 1/3 MnO 3 (LSMO) thin films were deposited with varying Ag precipitation on (001) LaAlO 3 at different substrate temperatures (T s ) by a dual-beam pulsed-laser ablation system. Various analytical techniques were employed to characterize the films. At T s = 750
Introduction
In the past few years, interest in the perovskite manganites has been focused on the significant inter-grain magnetoresistance (MR) discovered in polycrystalline samples [1] [2] [3] [4] [5] . In particular, bulk polycrystalline samples show substantial MR at temperatures much below the magnetic transition temperature T c , usually in a field of a few hundred Oersted. Different from the intrinsic MR observed near T c , which is believed to be a consequence of a strong spin-phonon coupling, the MR found at low temperature is referred as extrinsic MR (eMR) [5] . It is believed that the grain boundaries (GBs) and phase interfaces, where the ferromagnetic spin alignment shows disordered status to some extent, serves as strong scattering centres for the highly spinpolarized conducting Mn 3+ e g electrons and leads to a high zero-field electrical resistance. Application of a moderate magnetic field can readily align the domains associated with the GBs into parallel configuration and drop the resistivity substantially. The microscopic transport mechanism responsible for the eMR has been modelled as spin-polarized tunnelling (SPT) [2] or spin-dependent scattering (SDS) [3] . Both models give MR proportional to (M/M s ) (M is the magnetization and M s is the saturation value of M) before the magnetic saturation.
Factors that affect the magnetic spin disorder at GBs or phase interfaces are still under exploration. Previous explorations have been focused on microstructure modification [6] [7] [8] [9] [10] [11] [12] , such as the grain size refinement [8, 9] , manganite/insulator co-sintering [10, 11] and amorphous phase generation [12] . The common feature of these processing procedures is to weaken the ferromagnetic interaction between grains by introducing insulator phase to the GBs. The enhancement of eMR was achieved at the expense of significantly increased resistivity, ρ. For example, an 80% CeO 2 co-sintered sample shows eMR as high as 20% in a field of only 500 Oe at 10 K, but the ρ of the sample is about 10 8 m cm. Such a high ρ is impractical for applications. Actually, the doping of insulator phase should not be an indispensable condition in achieving the magnetic disorders at the phase interfaces. As long as the magnetic exchange is interrupted, any impurity, even a nonmagnetic metal, should be able to decouple the grains and cause Mn spin disorder at the interfaces, subsequently resulting in an enhancement in eMR. Moreover, since the high conducting metal provides an easier pathway for current flow between grains, ρ of a manganite with metal phase at the GBs is expected to be much lower.
On the other hand, previous reports [13, 14] on Ag-doped YBa 2 Cu 3 O 7−δ (YBCO) epitaxial thin films have revealed that Ag is an ideal doping element, for there is no chemical interaction between Ag and the perovskite structures. Ag cannot substitute into the lattice; on the contrary, it only diffuses to GBs or other defects and exists in the form of a metal. Evidence of the existence of metal Ag has even been found in bulk YBCO co-sintered with Ag 2 O [13] . Therefore, in this research, we tried to dope Ag into the La 2/3 Sr 1/3 MnO 3 (LSMO) thin films, and to investigate its effect on film growth, microstructure, chemical constitution, magnetization and magnetoresistance. The objective of this work was to find out whether or not this Ag doping can decouple the grains and cause Mn spin disorder at the GBs, and enhance the eMR, as an insulator does.
As compared with YBCO, the Ag-doped manganites have been reported on only by a few groups [15, 16] . They focused mainly on the doping effect on the crystal structures. So far, only Tao et al [16] have studied the doping effect on the MR behaviour of the LaMnO 3 compound. However, they claimed that Ag could incorporate into the lattice and substitute La ions, which is inconsistent with the previous studies. No one has studied the doping effect from the special point of view of the GB modification and the enhancement of eMR. Therefore, the result of this study could be useful to further understand the origin of eMR, and help to verify models of the microscopic transport mechanism across GBs. On the other hand, the metaldoping enhanced eMR, if confirmed, would also help in designing appropriate microstructures for practical applications.
Experiment
The ceramic La 2/3 Sr 1/3 MnO 3 (LSMO) target was sintered by conventional solid-state reaction. Co-deposition of LSMO and Ag on (001)-LaAlO 3 (ALO) single-crystal substrates were performed by a dual-beam pulsed laser ablation (PLA) system [17] . The details of the experimental apparatus are illustrated in figure 1 . The excimer laser employed was a 248 nm Lambda Physik. Two split laser beams were focused on the coaxial stoichiometric LSMO and metallic Ag targets, respectively, with their spots on the targets close to each other. The substrate was mounted at the cross area of the two plumes. The laser fluency of the two beams was 2.0 J cm −2 . While the laser repeat rate for the LSMO was kept at 4 Hz, the repeat rate for the Ag target (Ag repeat rate) could be adjusted from 0 to 8 Hz using a chopper. We deposited films at selected substrate temperatures ranging from 750 to 350
• C, and the films were kept in situ for 1 h before cooling down slowly. An oxygen pressure of 0.2 mbar was adopted during the deposition and subsequent annealing procedure. The thicknesses of all the thin films were ∼200 nm. The samples were labelled as n/4 Ag, where the 4 and n denoted the repeat rate for LSMO and Ag, respectively. For example, 0/4 Ag denoted a stoichiometric LSMO film; while 8/4 Ag represented a co-deposited film with Ag repeat rate of 8 Hz.
The film microstructures were determined using fine XRD, atomic force microscopy (AFM) and transmission electron microscopy (TEM). Ag concentration was examined by means of x-ray photoelectron spectroscopy (XPS) and energy dispersive x-ray (EDX). The resistivity and MR was measured using the conventional dc four-probe technique. A triangle wave (0.01 Hz) magnetic field varying from −4 to 4 kOe was applied along the current direction. The cooling and heating rate were well controlled at 1.0 K min −1 by a LakeShore 321 autotuning temperature controller. The in-plane magnetization of the sample was obtained using an Oxford vibrating sample magnetometer (VSM).
Results

Film orientation
The fine XRD spectrum of our polycrystalline target is shown in the top panel of figure 2 . The bottom panel shows the spectrum of sample 2/4 Ag deposited at 750
• C as an example of Ag-doped thin films. For consistency, the reflections from the target are also indexed as a pseudo-cubic structure. In the spectrums of all thin films deposited at varying substrate temperature T s , only (00l) peaks of LSMO are observed, besides the reflections contributed by the substrate. There is no peak of Ag or any of the Ag compounds, in spite of the existence of Ag precipitation during deposition. With decreasing T s , and/or with increasing Ag repeat rate, the reflection intensity (normalized by the respective (002) ALO) decreases, implying increased amounts of amorphous phase around GBs. The above-mentioned experimental results reveal the c-axis texture of the films. The Ag dopant, if exists, can only accumulate in the inter-grain amorphous phase. Further investigation also demonstrates the change of lattice parameter along the c axis, c, for the films deposited at the same T s = 750
• C but with different Ag repeat rates, as shown in the inset of figure 2. At low and medium doping level, c keeps constant. However, when Ag repeat rate is increased to 4 Hz, c becomes larger. This result suggests the existence of oxygen deficiency in the co-deposited films, which leads to the lattice contraction in the ab plane and expansion along the c-axis [18] . The full width at half maximum (FWHM) of the (002) LSMO is also shown in the same inset. The increase of FWHM at high Ag precipitation is affirmed, which suggests that, in the case of heavy Ag doping, the implanted Ag atoms may help to form some defects in the film.
Films deposited at
show the AFM morphology of the films co-deposited at 750
• C, with Ag repeat rate of 0, 1, 2, 3, 4 and 8 Hz, respectively. The scale for each image is 1 × 1 µm 2 . In contrast to general observations reported previously, we did not observe any increase in the grain size for the Ag-doped thin films, although it is found that the Ag doping can significantly change the film microstructure. Figure 3 (a) is for the stoichiometric LSMO thin film, which consists of rectangular-shaped grains. This mosaic-like grain alignment indicates that the film is not only epitaxial along the c axis but also in the ab plane, despite the 'droplets' scattering on the surface, which is the characteristic for films deposited by the PLA method. Nevertheless, for the doped film with Ag repeat rate of 1 Hz, the grains are somewhat spherical shaped, as shown in figure 3(b) . This suggests deterioration of the in-plane alignment in the Ag co-deposited thin films. At this Ag doping level, however, the GBs are still clear. As the Ag repeat rate increases from 2 to 4 Hz (figures 3(c) and (d)), the grain shape becomes more irregular and the GBs blur gradually. Even the GBs fade when the Ag repeat rate is as high as 8 Hz. These images suggest that the previously observed apparent grain size enlargement due to Ag doping may be attributed to the inter-grain diffusion enhanced by Ag atoms. Since the XRD results shows no reflection of Ag or any of the Ag compounds, to confirm whether or not Ag exists in the co-deposited films, XPS was employed. Figure 4 records the XPS spectrums for films deposited at 750
• C, with Ag repeat rate varying from 0 to 8 Hz. The intensities of the curves are adjusted on purpose, and the binding energy is calibrated by setting the C 1s line at 285 eV. The curve clearly gives the characteristic spectrum lines of La, Sr, Mn and O elements. If there exists Ag or Ag compounds in the co-deposited films, no matter whether crystal or amorphous, the line corresponding to Ag 3d should be at about 370 eV, as indicated in the figure by symbol '*'. However, no trace of the spectrum line is observed in the energy range from 360 eV to 380 eV, which means that there is no Ag existing at the surface of the films grown at this temperature. In addition, the XPS data also indicate slightly decreased oxygen content in heavily doped films, which is consistent with the XRD results. A slight increase of the La/Sr ratio with increasing Ag repeat rate is also revealed, which can be understood as the result of atom collisions in the presence of Ag atoms during deposition. Some of the smaller strontium atoms may lose their dynamic energy by bumping into the larger Ag atoms and cannot reach the surface of the substrates. The temperature dependency of ρ(0) and magnetoresistance ρ/ρ(4 kOe) (defined as (ρ(H ) − ρ(H c ))/ρ(H c )) for the films co-deposited at 750
• C are shown in figures 5(a) and (b), respectively. Figure 5(a) indicates that all the films behave like a metal in the temperature range from 350 K to liquid nitrogen temperature (LN 2 ), thus the insulator-metal transition temperatures T I M are expected to be above 350 K. In LN 2 , ρ of the stoichiometric LSMO film is only 0.23 m cm, which indicates the high crystalline quality of the film. The ρ-T curves are almost superimposed on each other for sample 0/4 and 2/4 Ag, while it is slightly higher for sample 8/4 Ag. The ρ/ρ-T curves of the three films, as shown in figure 5(b) , are also similar. ρ/ρ shows a maximum of ∼3% in the vicinity of T c , which is obviously lower than the T I M , and declines with decreasing temperature. The negligible MR values in LN 2 imply that the low temperature eMR are suppressed, which indicates that the films deposited at 750
• C are high-quality epitaxial along the c axis and the GBs must be perfect small angles. The temperature corresponding to the ρ/ρ maximum, T MR , is slightly different for these films; they are 339, 351 and 330 K for sample 0/8, 2/8 and 8/4 Ag, respectively. Combined with the XRD and XPS results, the decrease in T MR , as well as the slight enhancements in ρ/ρ and ρ for the highly doped film 8/4 Ag can be attributed to the oxygen deficiency. The similarities of ρ-T curves and ρ/ρ-T curves, for films deposited at varying Ag precipitation, demonstrate that Ag dopant cannot substitute into the LSMO lattice. Inset is the ρ/ρ-H curve for sample 8/4 Ag measured at T MR . 
Films deposited at reduced substrate temperatures
Ag-doped films deposited at purposely reduced substrate temperatures were also investigated. The temperature dependences of ρ(0) and ρ/ρ(4 kOe) for films deposited at T s ranging from 550 to 350
• C are shown in figure 6 . Here the 'Ag-doped' refers to films deposited with Ag repeat rate of 8 Hz. All the undoped films deposited at different T s behave like a metal from room temperature to 77 K, although ρ of the films deposited at lower T s are higher due to the existence of amorphous phase among grains. Accordingly, ρ/ρ of the undoped films increases fast with decreasing temperature, indicating the granular nature of the films. With declining T s , the ρ/ρ measured at LN 2 grows dramatically, from 2% at T s = 450
• C to more than 15% at T s = 350
• C. It is noted that film deposited at 450
• C still shows a relatively large value of ρ/ρ at room temperature, as a result of the summation of the intrinsic MR part. The somewhat abnormal behaviour shown by the film deposited at 500
• C is because of the co-existence of monoclinic and rhombohedral lattice structure in the films. 500
• C can be considered as a 'critical temperature' for growth of the two kinds of structure. Details will be reported later. However, different from the case of undoped films, the ρ-T curve for the Ag-doped films undergoes an insulator to metal transition at the temperature T p ranging from room to 77 K. Moreover, ρ is about one order of magnitude higher than the undoped film deposited at the same T s . The decrease of T p can be considered as a consequence of the weakened inter-grain magnetic coupling by Ag doping. ρ/ρ-T curves of the Ag-doped films follow a similar trend as the undoped samples, except the greatly enhanced ρ/ρ value at low temperature regions, especially in case of T s = 400 and 450
• C. The ρ/ρ value at 77 K for the Ag-doped film deposited at 400
• C is enhanced by a factor of two compared with the undoped, which is as large as 12% in a field of only 4 kOe. It is worth noting that ρ of the sample is only 10 2 m cm. ρ/ρ declines much slower with increasing temperature compared with the experimental data of insulator (SrTiO 3 ) doping [11] . At 200 K, ρ/ρ of our sample is still larger than 5%, nearly 40% of the 77 K value, while the latter gives only less than 10%. As T s is further reduced, the thickness of the amorphous phase among grains becomes larger; as a result, the sample behaves like an insulator during the whole temperature range. Accordingly, ρ/ρ decreases much faster with increasing temperature. Therefore, different from the case of epitaxial thin films, Ag doping in granular films deposited at low T s affects the film magneto-electrical properties significantly.
In order to reveal the origin of the enhanced eMR in the Ag-doped granular thin films, AFM was employed. Figures 7(a)-(d) and (f) show the morphology of films co-deposited at 400
• C with Ag repeat rates of 0, 1, 2, 4 and 8 Hz, respectively. Figure 7 (e) is an AFM 'phase' image for the same scene as (b). The scale for each image is again 1 × 1 µm 2 . Figure 7 (a) is for the stoichiometric LSMO film deposited at 400
• C. Comparing with the undoped film deposited at 750
• C ( figure 3(a) ), it is clear that the grain shape becomes irregular and the grain size (GS) drops considerably with decreasing T s . This suggests that the in-plane alignment is destroyed as T s is reduced, although the c-axis texture still exists. With Ag doping, as shown in figure 7(b) , the GS increase is negligible; instead, a kind of larger cluster is found scattering in the films. The phase scan shown in figure 7(e) indicates that the brightness of the clusters is different from that of the normal grains, which suggests different surface adhesion of the clusters and thus different physical properties of the two phases. The amount of the clusters increases with increasing Ag repeat rates, as shown in figures 7(c) and (d). As the Ag repeat rate is as high as 8 Hz ( figure 7(f) ), the clusters of size about 100-200 nm cover the entire visual field and result in apparently enlarged GS.
In order to investigate whether the larger clusters are due to Ag doping, TEM study of the sample 8/4 Ag deposited at 400
• C (shown in figure 7 (f)) was performed, and the result is shown in figure 8 . It reveals that each 'cluster' consists of hundreds of sub-grains of size about 10-20 nm, similar to the GS of the undoped sample. An amorphous zone of about 10 nm wide exists between these clusters. Electron diffraction verified the polycrystalline/amorphous nature of the film. This image suggests that Ag dopant may act to 'glue' the sub-grains into larger clusters during the film deposition. Meanwhile, the EDX spectrum, shown in figure 9 , reveals the existence of Ag in the film. Investigation at points inside grains, at grain boundaries, and at some obviously inhomogeneous sites gave Ag content of about 5 at.%. The study shows no obvious segregation of Ag at the amorphous zone, which deviates from our instinctive expectation. We attribute this phenomenon to the selective sputtering during the TEM sample preparation. Considering the result of XRD, it is still reasonable to claim that, in the case of lower T s , Ag exists at the amorphous zones among grains, and also the sub-grain boundaries. The Ag dopant serves as scattering centres and enhances the magnetic spin disorder at the boundaries, as a result enhancing the low temperature eMR value. 
Discussions
In this experiment we expected to find out whether or not this Ag doping affects the manganese spin status at GBs, and enhances the eMR, as an insulator does. The findings reveal that it depends on the T s during deposition.
The Ag-doping effects on the magnetoresistance in case of T s = 400
• C and 750
• C are compared by figure 10. The right panel shows the magnetic field (H ) dependence of the intrinsic MR, as revealed by the linear relationship, for the undoped and Ag-doped films deposited at 750
• C. The measurement is executed at the respective T MR of the films. The figure indicates that, for the films deposited at this temperature, Ag has a slight effect on the magneto-electrical properties, most probably by causing oxygen deficiency. At T s = 750
• C, all the co-deposited films are c-axis epitaxial, as revealed by XRD results. Existence of Ag in the epitaxial thin films could not be detected. Based on the above investigations, a growth mechanism is established as follows: during deposition, the Ag dopant reaches to the surface of the substrate and diffuses to sites of lower free energy, such as the small angle grain boundaries. Meanwhile, the Ag atoms also serve as a 'catalyst' to enhance the inter-grain diffusion of the lattice species. As a result, defects in the GB regions are healed and the GB become blurred and fade in the case of higher doping concentrations. Finally, since the melting point of metallic Ag is only 962
• C [19] , its saturated vapour pressure is fairly high at the deposition temperature, i.e., of the order of about 1 × 10 −6 Torr [13] and the Ag atoms segregated in the GB regions will re-evaporate into the vacuum. Therefore, in the high T s case, the increasing Ag precipitation only leads to gradual deterioration of the in-plane alignment, as shown by the AFM results, while it has little effect on the magneto-electrical properties of the thin films. It is also reasonable to assert that, in case of polycrystalline films, Ag doping will not affect the magneto-electrical properties inside grains.
The left panel shows the magnetic field (H ) dependence of the extrinsic MR for the undoped and Ag-doped films deposited at 400
• C. The measurement is executed at 77 K. The figure indicates that Ag has considerable effect on the magneto-electrical properties of the films deposited at this temperature, enhancing the MR value by a factor of two. Considering the discussion of the results of T s = 750
• C, this enhancement can be attributed to the modification of the GBs by Ag doping. As T s = 400
• C, the co-deposited films are granular with c-axis textures, as revealed by XRD and AFM results. Ag has been found at GBs and other defects. It 'glues' the c-axis oriented small LSMO grains together into clusters. Moreover, the Ag atom is of help in generating the amorphous phase among grains, and as a result increases the local Mn spin disorder at GBs. Therefore the low field eMR in the films is enhanced.
It is hard to determine the chemical status of the doped Ag atoms experimentally. However, according to the data of room temperature bond enthalpies [19] , which gives Ag-Ag as ∼160 and Ag-O as ∼220 mJ mol −1 , it is reasonable to conclude that Ag tends to be oxidized in an oxygen ambient. However, since the bond enthalpy of O-O is about ∼498 mJ mol −1 , the LSMO lattice is more likely to obtain atomic 'O' by dissociation of Ag oxide than directly from O 2 , and therefore the nearby LSMO grain acts as a reductive agent. The existence of metal Ag as an amorphous phase can be expected. As the impurity introduced in our sample is not a pure insulator, it does not increase the sample resistivity as much as CeO 2 or SrTiO 3 .
Moreover, as we introduced before, the Ag-doping enhanced eMR declines much slower with increasing temperature than that enhanced by insulator doping. Figure 11 shows the normalized magnetization measured at 77 K of the two samples deposited at 400
• C, with and without Ag doping. The M/M s -H curve of the undoped film is more 'square' than the Ag doped, indicating the pinning effect of Ag dopant on the alignment of the interface magnetic moments in a magnetic field. Both samples saturate at about 4 kOe, although H s is slightly higher for the doped one. As shown in the inset, ρ/ρ of the Ag-doped sample increases faster with magnetic field than the undoped one. The experimental eMR data of the two samples are fitted using the formula ρ/ρ = α(M/M s ) 2 , and the fitting results are also shown in the same inset. It is clear that the fitting is quite good, as long as the magnetic field is lower than 4 kOe. This may suggest that the transport mechanism underlying the Ag-doping enhanced eMR is spin-dependent scattering. Due to the constriction of our magnetic field, further analysis and the ρ/ρ-T curve fitting are difficult.
Conclusion
Providing it is doped by the method of dual-beam pulsed-laser ablation, Ag cannot substitute into the LSMO lattice, and thus will not affect the magneto-transport properties inside grains. Therefore the improvement of the inter-grain eMR in polycrystalline samples by Ag doping can be attributed to the enhancement of the magnetic spin disorders at GB regions. The metal Ag can also serve as strong scattering centres for the conducting electrons, as an insulator.
